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Unicellular eukaryotes primarily employ self/nonself discrimination to avoid self-mating, 
whereas multicellular organisms also use self/nonself discrimination in immune defense. 
Recent advances in understanding self/nonself discrimination in eukaryotes shed new light 
on the emergence of the most sophisticated self/nonself discrimination system known, the 
antigen receptors employed in the adaptive immune system.
Open access under CC BY-NC-ND license.To distinguish between self and nonself is a fundamental 
requirement of life. Self/nonself discrimination occurs at 
all levels of the evolutionary tree and is involved in diverse 
biological events, ranging from mate choice and social 
recognition to immune defense. The strategies for self/
nonself discrimination in eukaryotes fall into three cate-
gories: the recognition of self, the recognition of nonself, 
and the simultaneous recognition of both (Table 1).
All systems of self/nonself discrimination also require 
mechanisms to maintain quality control. Quality control 
ensures that the specificity of recognition is monitored. 
Moreover, the mechanism of quality control determines 
the unit of selection (that is, the individual or the cell) and 
the timescale on which selection operates (that is, an 
evolutionary or individual timescale).
In this review, I will outline the common features of 
various types of self/nonself discrimination and dis-
cuss how quality control is accomplished. I conclude 
from this discussion that during evolution the distinction 
between the mechanisms for self/nonself discrimina-
tion and the strategies implemented for quality control 
became increasingly blurred. I propose that the strate-
gies of quality control for the evolutionarily recent (and more sophisticated) systems for self/nonself discrimina-
tion, such as those employed in the adaptive immune 
system of higher vertebrates, may have evolved from 
ancient systems of self/nonself discrimination.
Recognition of Self
Systems of self/nonself recognition that recognize only 
self typically involve the specific interactions of two com-
ponents that are encoded in the same genome (Table 
1). Such interactions are known to prevent self-fertiliza-
tion in various organisms while avoiding constraints on 
mate choice. The same principle is also used in immune 
defense, where the absence of an interaction between 
two self components can be a sign of infection. In these 
systems it is an evolutionary challenge to maintain pro-
ductive interactions between a particular receptor and 
ligand pair and at the same time allow for the generation 
of new non-crossreactive pairs of receptors and ligands.
Plant Self-Incompatibility
An apparently strong selection pressure has led to the 
independent evolution of at least three distinct mech-
anisms of self-incompatibility in flowering plants to 
prevent self-fertilization (McClure, 2004; Nasrallah et Table 1. Mechanisms of Self/Nonself Discrimination
Mechanism Use Examples
Recognition of self Prezygotic sexual selection Self-incompatibility in plants
Self-sterility in tunicates
Postzygotic immune surveillance NK cell-mediated detection of missing self
Allo-recognition in tunicates
Recognition of nonself Prezygotic sexual selection Mating types in fungi
Postzygotic immune surveillance Detection of pathogen-associated molecular patterns
Recognition of self and nonself Prezygotic sexual selection MHC-mediated mate choice
Postzygotic immune surveillance Complement-mediated cytotoxicity 
Antigen detection by TCR/BCR
NK, natural killer; MHC, major histocompatibility complex; TCR, T cell receptor; BCR, B cell receptor.Cell 125, June 2, 2006 ©2006 Elsevier Inc. 845
Figure 1. Plant Self-Incompatibility
Plant self-incompatibility is an example of a two-component system in the recognition of self. The two possible outcomes of interaction of pollen 
and stigma are shown at the top. Interactions between a receptor (SRK) and a ligand (SCR) encoded by the same haplotype of the S-locus block 
fertilization in the crucifer Brassica. (Below) The process of generating new ligand/receptor pairs has functional consequences. Initially, two identical 
alleles are shown. Their specificity is the same, as indicated by the dark arrows. The first mutation generates a suballele, affecting the structure of 
one component. The functionally important aspect of such suballeles is that the specificity of the interaction is maintained, although affinities may 
change (as indicated by the gray arrows). A second mutation affecting the receptor then increases the level of specificity, eventually leading to loss 
of reciprocal interactions and the emergence of new functionally distinct alleles.al., 2002; Nasrallah, 2005; Thomas and Franklin-Tong, 
2004). Self-incompatibility blocks zygote formation 
when pollen from an individual plant is deposited on its 
own stigma (Nasrallah, 2002) (Figure 1). In natural popu-
lations, a high frequency of successful crosspollination 
is ensured by the fact that there are many alleles of self-
incompatibility (SI) loci, each with unique specificities. 
In the SI system of crucifers, pollen express the ligand 
SCR (S-locus cysteine-rich protein) for the receptor SRK 
(S-locus receptor kinase) that is located on the stigma; 
the interaction between matching pairs of SCR and SRK 
triggers SRK activation and leads to the inhibition of self-
pollen at the stigma surface, thus avoiding self-fertiliza-
tion (Nasrallah, 2002). Crosspollination involves SCR 
ligands that do not interact with a given SRK.
Despite their sequence differences, SCR variants are 
predicted to adopt a highly conserved tertiary structure, 
stabilized by intramolecular disulfide bonds. The molecu-
lar basis of the receptor specificity of some SCR variants 
has been identified (Chookajorn et al., 2004). Mutations 
in either SCR or SRK that destroy self-interaction lead to 
self compatibility and inbreeding with deleterious effects 
on fitness. In the absence of compensatory mutations 
reestablishing the interaction, such nonfunctional alle-
les may be quickly driven to extinction. Interestingly, the 
genes for SCR and SRK are closely linked physically in 
the genome and behave genetically as a single Mende-
lian locus (termed the S haplotype) due to recombination 
suppression (Nasrallah, 2002). The tight genetic linkage 
between ligand and receptor genes ensures that inter-846 Cell 125, June 2, 2006 ©2006 Elsevier Inc.acting ligand/receptor pairs are maintained in individual 
S haplotypes. At the same time, however, this system 
makes the generation of S haplotypes with new specifi-
cities more complicated.
How then are new S haplotypes generated if mutations 
in one component must be compensated for by com-
plementary mutations in the other to maintain self-rec-
ognition? Based on experiments examining the effects 
of mutations in SCR ligands on SCR/SRK interactions, 
it was concluded that new specificities may arise as a 
consequence of gradual changes in binding affinities 
due to the appearance of intrahaplotype polymorphisms 
that initially maintain self-incompatibility (Chookajorn et 
al., 2004). With time, natural selection would strengthen 
interactions between novel allelic variants and at the 
same time weaken crossover interactions with the origi-
nal versions of either the SCR or SRK proteins (Figure 
1). This process may be facilitated by the presence of 
partially isolated subpopulations (Uyenoyama and New-
bigin, 2000). Nevertheless, during the evolution of new 
S haplotypes the appearance of components with dual 
specificity cannot be excluded; whether this is acciden-
tal or represents a significant mechanism (Matton et al., 
1999) to evolve new SI specificities is a subject of debate 
(Charlesworth, 2000; Uyenoyama and Newbigin, 2000). 
In any case, the functionally relevant feature of partners 
with dual specificity is that they maintain self-incompat-
ibility at the cost of a certain degree of allo-incompat-
ibility. However, the ensuing problem of reduced fertil-
ity may be significant only in populations where few SI 
haplotypes exist, creating sufficient selection pressure 
to resolve these situations as quickly as possible. There-
fore, SI haplotypes in large interbreeding populations 
may represent the maximum number of different specifi-
cities possible given the structural constraints of ligand 
and/or receptor.
How might the quality control process maintain pro-
ductive interactions between the two components? 
Do genes at the S locus function only in SI? It has 
been shown that, by transfer of a specific SCR/SKR 
gene pair, self-fertile plant species can be made self-
incompatible (Nasrallah et al., 2002). It has also been 
found that some self-fertile species carry degenerated 
S haplotypes resembling those of their self-incompat-
ible relatives (Nasrallah et al., 2004). Indeed, loss-of-
function mutations in S haplotypes may be advanta-
geous in certain environmental situations, as they allow 
a switch of the mating system from an outbreeding to 
an inbreeding strategy. Collectively, these observations 
suggest that genes at the S locus do not function in a 
process relevant to fitness other than SI, rendering an 
intra-individual quality control checkpoint for produc-
tive interactions of SI components unlikely. Rather, it 
seems that their function in establishing a prezygotic 
mating barrier is maintained solely through reduced fit-
ness of offspring from self-unions. Therefore, in plant 
self-incompatibility, quality control operates at the level 
of the individual organism.
Natural Killer Cells
Natural killer (NK) cells employ self-recognition in the 
innate immune response (Lanier, 2005). The interaction 
of self-ligands with inhibitory receptors expressed on 
NK cells suppresses their cytotoxic activity, whereas the 
absence of self-ligands unleashes the killer function.
What are the self-ligands that are recognized by NK 
receptors? One class of self-ligands are C type lectins, 
for example Clr-g, that are recognized by the NKR-P1 
class of NK receptors (Iizuka et al., 2003). NK receptors 
also interact with molecules belonging to the immu-
noglobulin superfamily, such as the products of the major 
histocompatibility complex (MHC). For instance, MHC 
class I molecules serve as ligands for the Ly49 class 
of receptors in mice and the KIR receptors in humans. 
Interestingly, although Ly49 and KIR receptors have the 
same types of ligands, their structures differ. Whereas 
Ly49 belongs to the C type lectin family, KIR belongs to 
the immunoglobulin superfamily. The apparent conver-
gent evolution suggests the presence of a strong selec-
tive advantage for this type of immune surveillance.
During the maturation of NK cells, inhibitory receptors 
for self are expressed one after the other (Roth et al., 
2000), until a certain intracellular threshold of inhibitory 
potential is achieved; this counteracts an inherent acti-
vating potential conveyed by activating receptors, such 
as 2B4, also expressed on these cells (Moretta et al., 
2004). The process of achieving a net inhibitory poten-
tial in NK cells is termed “licensing” and has been stud-
ied in detail using receptors that recognize MHC class I molecules as ligands. Licensing serves as a quality 
checkpoint for self-interaction at the level of individual 
NK cells. Without expression of MHC-specific inhibitory 
receptors, functional maturation is not achieved (Kim 
et al., 2005). NK cells simultaneously express different 
kinds of inhibitory receptors, yet not all receptors are 
expressed on each NK cell. As a consequence of this 
clonal variegation, a particular effector cell may already 
be activated by the absence of only some of the self-lig-
ands on somatic cells, thus greatly increasing the sensi-
tivity toward a partial reduction of self-ligand expression. 
If one of many ligands is downregulated and a particular 
NK cell clone is licensed only for this particular self-lig-
and, then killing may ensue even in the presence of other 
self-ligands on the affected cell.
How are new specificities generated in this self-rec-
ognition system? The ever-changing spectrum of para-
sites and pathogens generates a strong selection pres-
sure for the diversification of MHC molecules, which are 
critical to the activation of the adaptive immune system. 
This, in turn, may require compensatory mutations in 
NK receptors for which these MHC molecules serve 
as self-ligands. This coevolutionary mechanism drives 
the remarkable structural and allelic diversification of 
NK receptors. It seems likely that new specificities are 
generated by a process similar to that for SI systems of 
plants (Figure 1). An informative example of the interplay 
between specificity and affinity in the evolution of novel 
receptor/ligand interactions is provided by MHC-C lig-
ands and their corresponding KIR receptors in primates 
(Parham, 2005), where amino acid sequence polymor-
phisms in both molecules generate stronger and more 
specific interactions. The difference with plant SI sys-
tems is that, in accordance with their postzygotic func-
tion, the quality control mechanism operates at a cell-
autonomous level during the development of NK cells. 
Self-interactions in the NK system may involve products 
of genes that are closely linked genetically or that seg-
regate independently. In the former case, the difference 
with SI-like haplotypes in plants is that the NKRP/Clr 
region of the NKC locus encodes multiple receptors and 
ligands (Iizuka et al., 2003). An example of the latter is 
Ly49 and MHC class I molecules, which are not linked 
genetically and segregate independently. Although the 
licensing paradigm has been established for MHC-
specific receptors, it is important to note that licensing 
would also be required for genetically linked receptor/
ligand pairs if expression of ligands or receptors is not 
ubiquitous and occurs only on selected cell types.
Evolutionary intermediates of receptors or ligands 
may have relaxed specificity. As a consequence, NK 
cells expressing such crossreactive receptors may dis-
play reduced sensitivity toward missing self-structures. 
However, the more nonallelic receptor/ligand pairs that 
are employed for NK function, the less important such 
promiscuous receptor/ligand pairs become. Yet, the 
advantage provided by clonally variegated expression 
of receptors in terms of increased sensitivity is lost with Cell 125, June 2, 2006 ©2006 Elsevier Inc. 847
the use of many receptors. The more receptors involved, 
the smaller the gain in sensitivity provided per receptor. 
This analysis predicts an optimum number of different 
self-receptors on individual NK cells. Indeed, there is 
evidence that each mouse NK cell expresses only a sub-
set of the Ly49 class of receptors (Kubota et al., 1999). 
A similar optimum may exist for the overall repertoire of 
NK receptors and/or ligands. For instance, a contraction 
of the genetic repertoire of Ly49-related NK receptors in 
primates is accompanied by a corresponding expansion 
of KIR-related receptor genes, whereas rodents have 
many Ly49-like but few KIR-like genes.
Allo-Recognition and Self-Sterility in Tunicates
Are there examples where an organism uses the same 
genetic system for both prezygotic (mate choice) and 
postzygotic self-recognition? In the solitary tunicate 
Halocynthia roretzi, the vitelline coat protein VC70 has 
been implicated in self/nonself recognition in the fertili-
zation process (Sawada et al., 2004). VC70 is a protein 
with 12 EGF repeats that differ in amino acid sequence 
among individuals. Whether an equally polymorphic 
counterreceptor/ligand exists or whether homotypic 
interactions occur during self/nonself recognition is cur-
rently unknown. It is also unclear whether VC molecules 
participate in the cytotoxic allo-reactivity observed 
between hemocytes of different individuals of H. roretzi 
or whether this is governed by an unrelated locus. There 
is, however, functional evidence that both reactions may 
have a common molecular basis, as monoclonal anti-
bodies have been shown to inhibit both processes (Arai 
et al., 2001).
Allo-recognition in the colonial tunicate Botryllus 
schlosseri is controlled by a single genetic locus, termed 
Fu/HC (Scofield et al., 1982). Hundreds of alleles at this 
locus exist in natural populations, a situation reminis-
cent of the diversity of SI haplotypes in plants and poly-
morphisms of NK cell ligand/receptor pairs in animals. 
Individuals that share at least one allele at the Fu/HC 
locus fuse and establish parabiosis (tolerance), whereas 
those with no alleles in common reject each other. A 
candidate Fu/HC gene (cFu/HC) has recently been dis-
covered (De Tomaso et al., 2005) and shown to encode 
an immunoglobulin superfamily member containing EGF 
repeats, whose polymorphisms predict the outcome 
of allo-recognition reactions. It appears that the so far 
uncharacterized putative counterreceptor(s) of Fu/HC 
may be functionally analogous to the NK receptors, with 
Fu/HC functioning as self-ligands subject to modulation 
of expression. Interestingly, there are indications that 
genes encoding Fu/HC and its receptor(s) are physically 
linked in the B. schlosseri genome (De Tomaso et al., 
2005). Fu/HC does not seem to be involved in sperm-
egg compatibility (Grosberg and Hart, 2000) but may 
nevertheless influence kin recognition (Grosberg and 
Quinn, 1986), perhaps via soluble forms of Fu/HC (De 
Tomaso et al., 2005).
How might Fu/HC polymorphism be maintained? Indi-
viduals heterozygous at the Fu/HC locus have a selec-848 Cell 125, June 2, 2006 ©2006 Elsevier Inc.tive advantage during development (De Tomaso and 
Weissman, 2004). It has been proposed (De Tomaso 
and Weissman, 2004) that this phenomenon may be due 
to homology-dependent epigenetic gene inactivation 
(Wu and Morris, 1999), which would be developmentally 
regulated and stage dependent. It is possible that in 
individuals homozygous at the Fu/HC locus, downregu-
lation of self-ligands initiates self-destruction of (most) 
homozygous individuals. This model would explain why 
loss of homozygotes becomes apparent only after com-
pletion of the initial stages of larval development (De 
Tomaso and Weissman, 2004) because a minimum time 
period is most likely required for effector cells to reach 
functional maturity, which, in analogy to the NK licensing 
paradigm, may initially also require Fu/HC expression.
Why are polymorphism and heterozygosity at the 
FuHC locus maintained? One possible advantage of 
heterozygosity at the Fu/HC locus is a higher probability 
of fusion with other genetically related individuals (Laird 
et al., 2005). Although fusion reduces the probability of 
propagating a successful competitor genotype during 
the process of stem cell parasitism (Laird et al., 2005), it 
may nevertheless increase inclusive fitness of the colony, 
as its greater overall genetic diversity could increase the 
chance of survival of genetically related organisms in 
changing ecological conditions.
Taken together, it appears that at present there is 
no unequivocal genetic evidence that one locus con-
trols both histocompatibility/fusibility and egg/sperm 
self-incompatibility in tunicates. Because the predicted 
Fu/HC and VC70 proteins share structural domains, it 
is possible that a common progenitor locus was modi-
fied and co-opted into different processes depending on 
whether tunicates had a requirement for the control of 
tissue interactions (colonial ascidians enabling stem cell 
parasitism) or sperm/egg interactions (solitary ascidians 
with self-sterility). The notion of rapid genetic diversifi-
cation is supported by the apparent lack of an Fu/HC 
homolog in the genome of the solitary ascidian C. intes-
tinalis (De Tomaso et al., 2005) and the variable number 
of EGF repeats in VC homologs of closely related Halo-
cynthia species (Ban et al., 2005).
Recognition of Nonself
A second mechanism of self/nonself discrimination 
involves the recognition of nonself structures. These 
systems use receptors that are evolutionarily selected 
to ignore self-ligands. This strategy is widely used for 
immune defense and is often geared toward general 
structural characteristics of groups of pathogens. How-
ever, it is also used in prezygotic recognition processes 
as an effective means to promote out-crossing in lower 
eukaryotes (Table 1). Quality control for the recognition 
of nonself is demanding, requiring the elimination of self-
reactivity in the receptor repertoire while maintaining 
broad reactivity with nonself. This difficulty is magnified 
in cases where the receptor repertoire is generated in 
somatic cells.
Figure 2. Nonself Recognition in Fungal Mating
(Top panel) Mating in the basidomycete fungus Coprinus cinereus occurs only when cells have different alleles of the mating type genes, A and B. 
(Bottom left) The B locus consists of a tandem array of three groups of genes, each encoding one receptor and two ligands. Haplotypes at B loci 
encode structurally different components. Interactions between receptor and ligand occur only between receptors and ligands of the same groups 
but from different haplotypes, such that self-interactions are avoided (middle panels). In this manner, each receptor interacts with multiple ligands, 
and each ligand interacts with multiple receptors. (Bottom right) In recognition systems that avoid self-interactions, multiple trans-interactions but 
no cis-interactions normally occur. When one component is structurally altered, self-interaction may result. This is functionally relevant because it 
may lead to inbreeding (when used for mate choice) or autoimmunity (when used for immune surveillance). In contrast, loss of some trans-interac-
tions is functionally irrelevant if other options remain.Fungal Mating Types
The interaction of mating pheromones with specific 
receptors in fungi exemplifies prezygotic recognition of 
nonself. In this way fungal mating types promote out-
crossing. In ascomycetes, such as Saccharomyces cer-
evisiae and Neurospora crassa, only two mating types 
exist, termed a and α (Kronstad and Staben, 1997).
Quality control mechanisms regulating the interac-
tion of a mating pheromone, a peptide, and the phe-
romone receptor face two problems; the first is that 
sufficient structural diversity in the two ligand/receptor 
pairs must be maintained to avoid self-interaction, and 
the second is that diversity must be restricted such that 
the interaction between pheromone and receptors of 
opposite mating types is not disturbed. If self-interac-
tion occurs, genetic homogenization will result, pre-
sumably driving such alleles to extinction due to accu-
mulation of other deleterious mutations. If interaction 
of ligand and receptor from cells with opposite mat-
ing types fails, sexual reproduction is abolished, again 
introducing a significant problem of genetic fitness. 
This quality control problem is magnified in basidi-
omycetes (such as the mushroom, Coprinus cinereus) 
that employ hundreds to thousands of mating types 
(Brown and Casselton, 2001). For mating to occur in 
basidomycetes, compatible mates must have different 
allelic versions at two unlinked loci (A and B). Both A 
and B loci have dozens of alleles (Brown and Cassel-
ton, 2001), and each haplotype segregates as a single 
Mendelian unit because both loci consist of a tandem 
array of three blocks of genes between which recombi-nation is suppressed. Each block in an A locus encodes 
two structurally dissimilar homeodomain transcription 
factors, whereas each block in a B locus encodes one 
pheromone receptor and usually two pheromones. 
Products of the A locus can only heterodimerize with 
products of a different allelic form of A. Likewise, phe-
romones encoded by one B locus can only interact with 
a receptor of another allele. Although in systems with 
many mating types one ligand can bind to more than 
one receptor and vice versa, the general mechanisms 
of quality control used in bipolar mating also apply here 
in that the binding of ligand/receptor pairs encoded 
by the same haplotype must be excluded (Figure 2) 
(Riquelme et al., 2005).
Why are there so many different mating types in basid-
iomycetes? And how are new receptor/ligand pairs gen-
erated in these complex systems? Although the answer 
to the first question is unknown, it may relate to the 
need for extensive sexual reproduction in these fungi. 
With regard to the second problem, it should be remem-
bered that the structural diversity in pheromones, recep-
tors, and transcription factors for alleles found in natu-
ral populations may already be close to the maximum 
achievable given the respective structural constraints of 
these molecules (Riquelme et al., 2005). Clearly, given 
the large number of different alleles, the potential occur-
rence of crossincompatibility is not a significant issue in 
the generation of new specificities. Rather, the problem 
lies in the prevention of self-compatibility. Self-compat-
ibility has been produced experimentally in B loci and 
leads to constitutive activation of sexual development Cell 125, June 2, 2006 ©2006 Elsevier Inc. 849
Figure 3. Somatically Assembled Receptors Employed in Immune Defense
(A) Combinatorial assembly of receptors utilizes a set of modules that are evolutionarily selected for self-tolerance. Two examples for somatically 
reassembled genes are depicted. Their combination gives rise to receptors without autoreactivity. This may be how the VLR gene of the lamprey, 
which has the potential to recombine into 1014 different forms, avoids self-reactivity.
(B) Quality control at the somatic level is required when combinatorial assembly of receptor components is accompanied by junctional diversity. 
Junctional diversity occurs in the production of V(D)J-type receptors and leads to unpredictable binding specificities. The initial repertoire of V(D)J-
type receptors contains vast numbers of diverse receptors, some of which show reactivity toward self-antigens. By interaction with self-structures, 
cells expressing autoreactive receptors are eliminated, leaving a subset of self-tolerant receptors.(Olesnicky et al., 2000). This may cause genetic homog-
enization and reduced fitness, to which mushrooms may 
be particularly susceptible.
Receptors in Immune Defense
Immunoglobulin domains (Barclay, 2003) and leucine-
rich repeats (LRR) (Bell et al., 2003; Kobe and Kajava, 
2001) are relatively common among receptors that rec-
ognize nonself in immune defense. In most cases, it is 
not clear whether such domains contact nonself struc-
tures directly or via intermediary molecules. For exam-
ple, the activation of immune effector cells by the bacte-
rial product lipopolysaccharide (LPS) ultimately depends 
on a leucine-rich repeat-containing receptor (Tlr4) but 
involves at least two cofactors (Jiang et al., 2005).
In principle, a useful repertoire of nonself receptors 
could be generated via duplications of primordial genes 
encoding interaction domains that bind with specificity 
to nonself structures, followed by the evolution of novel 
binding specificities. Darwinian selection would eliminate 
receptors that have self-reactivity. In multidomain pro-
teins that have the potential to bind more than one nonself 
structure, individual domains may function as independ-
ent or cooperative interaction surfaces. Because the cod-
ing capacity in the genome for such receptors is limited, 
they tend to recognize common structural characteristics 
of groups of pathogens, such as lipopolysaccharide, 
double-stranded RNA, or proteoglycans, which are col-
lectively termed pathogen-associated molecular patterns 
(Medzhitov and Janeway, 2002). Until very recently, it was 
considered unlikely that pattern recognition receptors of 
this type could be generated by somatic diversification. 
However, there is now evidence suggesting that the one 850 Cell 125, June 2, 2006 ©2006 Elsevier Inc.gene-one receptor paradigm may no longer hold. The 
most clearly documented case concerns the recently 
discovered variable lymphocyte receptors (VLR) that 
are somatically generated in jawless vertebrates (Alder 
et al., 2005; Pancer et al., 2004). Here, a combinatorial 
gene rearrangement process (whose detailed molecular 
mechanism awaits clarification) is employed to generate 
complete receptor genes from a large pool of subgenic 
fragments (Figure 3A). The complexity of the repertoire 
of VLRs, with 1014 potential combinations (Alder et al., 
2005) exceeds the number of lymphocyte-like cells in the 
lamprey by several orders of magnitude. There are also 
indications that these reassembled receptor genes are 
expressed in a clonal and mono-allelic fashion, equipping 
individual lymphocyte-like cells with a unique receptor 
signature (Pancer et al., 2004). It may also be possible 
to diversify pattern-recognition receptors via alternative 
splicing in multi-exon genes. For instance, immune-com-
petent hemocytes of Drosophila have the potential to 
express several thousand isoforms of the immunoglobu-
lin-superfamily receptor Dscam (Watson et al., 2005). Col-
lectively, these findings pose an interesting challenge to 
models of quality control in self/nonself discrimination.
Selection mechanisms for nonself receptors that are 
employed for immune defense are confronted with the 
problem of a genome with restricted coding capacity in the 
face of an overwhelming variety of potential pathogens. 
This is unlike fungal mating types, where the interacting 
proteins are encoded in the same genome. Therefore, for 
receptors that recognize nonself in immune defense, selec-
tion favors recognition of pathogen-associated molecular 
patterns and the expression of more than one such pattern 
recognition receptor per cell. If a specific receptor fails to 
recognize its cognate ligand as a result of random muta-
tion, either the effect is compensated for by other types 
of receptors or immune defense fails, extinguishing this 
allele from the population. Alternatively, should self-reac-
tivity arise, autoaggressive reactions might destroy the 
individual, with similar evolutionary effects. Thus, quality 
control maintains the specificity of interactions of nonself 
receptors by affecting the survival of individuals.
What are likely mechanisms of quality control for somat-
ically generated nonself receptors? If, despite somatic 
rearrangement, receptors are self-tolerant, the design of 
quality control is expected to be similar to the one gene-
one receptor paradigm. However, if rearrangement results 
in unpredictable receptor binding specificity, undesirable 
self-reactivity could only be avoided by subjecting each 
effector cell to quality control. For this to be possible, the 
receptor must be expressed at the cell surface during 
development of the effector cell repertoire; furthermore, 
it would require some form of clonal distribution of recep-
tor isoforms among individual effector cells. In order to 
minimize the presence of potentially self-reactive effec-
tor cells, quality control would best operate at the level of 
individual immune effector cells and would be coupled to 
their production. Therefore, one would expect some kind 
of lymphoid organs in organisms using somatic diversifi-
cation of immune defense receptors resulting in unpre-
dictable specificities. In Drosophila, hemocytes develop 
in the lymph gland, a specialized hematopoietic organ 
(Jung et al., 2005). No excessive apoptosis has been 
reported to occur in this organ, as would be expected if 
a fraction of developing hemocytes that express a self-
reactive receptor were eliminated in the lymph gland. 
In lamprey larvae, lymphocyte-like cells expressing the 
highly diversified VLR receptors do not occur in aggre-
gates but appear to be randomly distributed as deter-
mined by RNA in situ hybridization of tissue sections (M. 
Schorpp and T.B., unpublished data). Although it is pos-
sible that expression of VLRs is too low to be detected at 
early stages of lymphocyte development, this observa-
tion argues against concurrent development and quality 
control. Therefore, these findings raise the possibility that 
somatic quality control does not occur in these systems.
How could the absence of self-reactivity be explained 
in these situations? A likely answer lies in the fact that 
different isoforms of both Dscam and VLR are composed 
of modules, through either defined variations in specific 
immunoglobulin family domains or individual leucine-
rich repeats that are assembled into arrays of different 
lengths. Each module may have been selected for self-
compatibility during evolution. Because no junctional 
diversity occurs, their combinations may preserve this 
self-tolerance. Nevertheless, these purely combinato-
rial arrays may provide a multivalent interaction surface 
combining either different specificities and/or affinities 
for nonself structures that are far superior to monova-
lent receptor specificities, providing sufficient selective 
pressure for their elaboration. In this way, somatic qual-ity control would be dispensable for all somatically rear-
ranging receptor genes generated from self-compatible 
modules without junctional diversity. In contrast, mod-
ularity in a nonrearranging receptor containing many 
repeated protein domains, such LRRs in Toll-like recep-
tors, although initially present, may not have been pre-
served. Unfortunately, there is no information about the 
structure of such germline-encoded receptors in com-
plex with their presumed ligands. However, the models 
that have been suggested to explain how Tlr3, which 
is required for the response to double-stranded RNA, 
may bind its ligand suggest that more than one LRR is 
required (Bell et al., 2005; Choe et al., 2005).
Could there be other solutions to the problem of 
avoiding self-reactivity in these systems, particularly the 
VLR system in lamprey? Constraints imposed on clonal 
expansion and/or memory capabilities of effector cells 
would not eliminate this problem, as even a low level of 
anti-self-reactivity may be harmful. It seems unlikely that 
lymphocyte-like cells (and by inference VLRs) partici-
pate in cellular immune reactions in lamprey, at least with 
respect to allograft rejection, as this has been attributed 
to the activity of polymorphonuclear cells rather than 
lymphocyte-like cells (Fujii and Hayakawa, 1983). With 
regards to a humoral immune defense function of VLRs 
(Alder et al., 2005), one could speculate that the out-
come of binding of VLRs to a pathogenic surface would 
be qualitatively different from binding to self-surfaces, 
similar to the alternative pathway of the complement 
system discussed below.
Recognition of Self and Nonself
The most complex challenges in quality control arise from 
the use of recognition mechanisms that have the poten-
tial to interact with both self and nonself. These systems 
have evolved primarily in the context of immune defense. 
There appear to be two principal ways by which quality 
control can be organized to ensure self-compatibility in 
this situation (Table 1). A particularly attractive strategy 
is the elimination and/or functional inactivation of self-
specific receptors before they are employed for defense 
purposes. The mechanistic problem here is to ensure 
exhaustive screening of the emerging repertoire of recep-
tors against a full complement of self-structures. Alterna-
tively, a second design principle is based on a post-hoc 
evaluation of whether interaction has occurred with self- 
rather than nonself-structures. In this strategy, general 
characteristics of self-surfaces would initiate rapid inacti-
vation of the initial flag; in contrast, on nonself-structures, 
the flag would remain and precipitate downstream events 
eventually leading to their destruction.
Complement-Mediated Tagging
For historical reasons, the most evolutionarily ancient 
pathway of the complement system (Dishaw et al., 2005) 
is known as the alternative pathway. The alternative 
pathway is triggered via spontaneously activated com-
plement component C3, which indiscriminately attaches 
itself to both self- and nonself-surfaces (Austen and Cell 125, June 2, 2006 ©2006 Elsevier Inc. 851
Fearon, 1979). This reaction culminates in the formation 
of the highly reactive C3b component that covalently 
attaches to other closely adjacent molecules. Surface 
deposition of C3b, if not rapidly reversed, triggers the 
formation of surface bound C3 convertase, with more 
C3b being deposited nearby.
Given that flagging by C3b does not discriminate 
between self- and nonself-structures, how is specificity 
introduced into this pathway? Host surfaces facilitate the 
inactivation of the initial C3b flag. This occurs via interac-
tion of factor H with resident polyanions and the subse-
quent recruitment of the proteolytic factor I. In contrast, 
activating surfaces of pathogens trigger formation of 
surface bound C3 convertase with rapid accumulation of 
C3b molecules because they do not sequester factor H 
(Jozsi et al., 2004) (Figure 4). Sustained surface modifi-
cation through C3b attachment serves as a flag identify-
ing foreign material and facilitates uptake by phagocytic 
cells (opsonization) or antigen presentation (Austen and 
Fearon, 1979; Carroll, 2004; Jozsi et al., 2004), leading to 
the eventual destruction of foreign material. Clearly, natu-
ral selection favors the interaction of host surface struc-
tures and factor H to preserve tissue integrity.
However, pathogens can adapt to the binding prefer-
ences of host factor H in order to evade C3b-mediated 
destruction. This is countered by the host through the uti-
lization of the lectin and classical complement pathways. 
Here, complement activation depends on prior marking of 
surfaces by antibodies or mannose binding lectin (MBL) 
proteins, respectively (Carroll, 2004). Because activation 
of C3 and deposition of C3b are highly localized to foreign 
surfaces and structures in the latter two pathways, host 
tissue will be spared from subsequent immunological 
attack. Activation of the complement cascade via MBL 
can be thought of as a special case of nonself recogni-
tion, with selection operating on the specific discrimina-
tion of glycosylation patterns, whereas activation of the 
complement cascade via antibodies is a special case of 
self/nonself recognition that will be discussed below.
Receptors Based on V(D)J Recombination
Another strategy of self/nonself discrimination draws 
on a class of receptor genes that are assembled in an 
imprecise fashion from a pool of sub-
genic elements (Tonegawa, 1983). 
The receptors encoded by rearranged 
genes exhibit specific interaction sur-
faces that are so different from one 
receptor to the other that interactions with almost any 
chemical structure can be attained. Antigen receptors of 
T and B cells in higher (jawed) vertebrates (termed TCRs 
and BCRs, respectively) are the classic and so far only 
examples of such receptors. Variable regions of antigen 
receptor genes that encode antigen binding sites are 
assembled by combinatorial DNA splicing that depends 
on specific recombination signal sequences (Sakano et 
al., 1979) that are recognized by the RAG1 and RAG2 
proteins (Agrawal et al., 1998; Kapitonov and Jurka, 
2005). This recombination process is imprecise and 
at the junctions incurs both loss of nucleotides during 
the nonhomologous end-joining process (Lieber et al., 
2004) and addition of nontemplated nucleotides by ter-
minal nucleotidyl transferase (Gilfillan et al., 1995). This 
imprecision is not seen with other somatic diversification 
mechanisms such as gene conversion (possibly occur-
ring in VLRs) and alternative splicing (as with isoforms of 
Dscam). Thus, the distinguishing feature of these recep-
tors is that their distinct antigen binding surfaces are 
largely encoded by sequences not present in the origi-
nal genomic DNA (Cannon et al., 2004a; Maizels, 2005), 
hence their unpredictable specificity (Figure 3B).
V(D)J recombination appeared during early vertebrate 
evolution about 500 million years ago (Agrawal et al., 
1998). A likely scenario is that a transposon (Kapitonov 
and Jurka, 2005) inserted into a receptor gene (Eason et 
al., 2004; Litman et al., 2005) involved in some primor-
dial self/nonself recognition process. This event physi-
cally separated proto-variable (V) and proto-joining (J) 
regions that are the defining characteristics of both T 
and B cell receptors. The disruption of the coding region 
could only be reversed by excision of the intervening 
DNA, mediated by an enzymatic activity guided by the 
recombination signal sequences (RSS) appended to the 
ends of the V and J regions. Although this mechanism 
appears to be generally accepted, the evolutionary ori-
gin of Rag1 and Rag2 proteins involved in recombination 
is more controversial. One view holds that at least one 
of the Rag proteins was incorporated into the vertebrate 
genome as part of the transposition event (Kapitonov 
and Jurka, 2005) because transib transposons not only 
Figure 4. Recognition of Self and Nonself 
by Complement C3
The complement component C3b indiscrimi-
nately attaches itself to both self (top) and non-
self (bottom) structures. To prevent the cumula-
tive addition of these C3b flags that would lead 
to death of host cells, binding of Factor H to self 
(but not pathogen) surfaces favors the binding 
of inactivating factors, such as proteolytic factor 
I that remove the C3b flag.852 Cell 125, June 2, 2006 ©2006 Elsevier Inc.
possess the typical RSS but also carry sequences simi-
lar to the core region of Rag1. An alternative view posits 
that Rag1 and Rag2 genes were already present in the 
genome of invertebrates (involved in some unrelated 
function) (Fugmann et al., 2006) and were only later, after 
the transposon-mediated disruption event, co-opted 
into the process of V(D)J recombination. However, it is 
worth noting that Rag1/Rag2 genes are not consistently 
found in the genome of invertebrates, and sometimes 
only in nonfunctional forms (Kapitonov and Jurka, 2005). 
This suggests that they may have been introduced by 
independent lateral gene events and only rarely acquired 
novel functions. Nevertheless, the lateral gene transfer 
event that gave rise to physically separated but adjacent 
proto-V and pro-J elements in the genome of early ver-
tebrates must be considered the key event initiating the 
evolution of V(D)J recombination in immune defense.
Although it is generally assumed that antigen receptor 
genes employed by T and B cells evolved at the same 
time, this is unlikely given the discrete origin of the ini-
tial transposon insertion event. It is thus unclear whether 
the first VDJ-based antigen receptors were more similar 
to T cell receptors (TCRs) or B cell receptors (BCRs). 
Based on the requirement for a quality control mecha-
nism taming self-reactivity arising from this novel facility, 
it appears likely that α/β-like T cell receptors with their 
requirement for MHC-mediated peptide presentation 
both during maturation and function represented the 
earliest receptor types. In any case, duplication of the 
gene split in this manner would have provided the basis 
for combinatorial DNA splicing, allowing the joining of 
heterologous V and J regions and eventually also the 
diversification of TCR and BCR gene clusters.
Receptors that are generated by somatic diversifi-
cation and incorporate aspects of randomness in their 
interaction surfaces through junctional variability repre-
sent a radically new approach to the self/nonself dis-
crimination problem. Two features stand out. First, the 
repertoire of receptors that can be created by this proc-
ess is exceedingly large; it allows the immune system 
to distinguish between stereoisomers (Landsteiner and 
van der Scheer, 1928) and single amino acid changes 
in antigenic peptides (Allen et al., 1987) and numerically 
far exceeds the possibilities to express them clonally on 
effector cells (Casrouge et al., 2000). These character-
istics undoubtedly contributed to the evolutionary suc-
cess of this type of receptor. Second, useful as they may 
be, T and B cell receptors pose an unprecedented risk of 
deleterious self-reactivity. All genes created in somatic 
cells by DNA splicing and imprecise joining contain ran-
dom sequence elements (Figure 3B) that escape clas-
sical Darwinian selection processes. Hence, the func-
tionality and self-compatibility of the encoded novel 
receptors had to be established in each individual and 
the utilization of this new type of receptor for self/non-
self discrimination required a mechanism to coordinate 
quality control processes in time and space.
These considerations raise the question of why the appearance of this novel facility could be tolerated in the 
apparent absence of dedicated somatic quality control, 
such as is found in modern vertebrates. Two possibilities 
can be considered. On the one hand, it could be argued 
that the gene disrupted by the insertion of the “RAG”-
transposon encoded a receptor that was evolutionar-
ily selected for nonself recognition. In such a scenario, 
very little self-reactivity would have existed in the initial 
stages of this new system, which would have allowed 
sufficient time to build up a suitable system of quality 
control (Eason et al., 2004; Flajnik and Du Pasquier, 
2004; Klein and Nikolaidis, 2005). However, such sub-
tle changes in specificity are unlikely to have provided 
a significant selective advantage for the new receptor 
type, especially if one considers the likely possibility 
that the excision/rearrangement process initially had 
low efficiency. Hence, the selective pressure to engage 
in the creation of a somatic quality control system may 
have been rather weak, if present at all. In an alterna-
tive scenario, the transposon-mediated rearrangement 
process may have been very efficient from the outset. 
In this case, it appears unlikely that the de novo assem-
bly of multiple components of a quality control machin-
ery could occur fast enough, even if such a machinery 
exploited pre-existing modules that were functionally 
dispersed in different pathways. Therefore, one would 
have to assume that the mechanisms of quality control 
were co-opted from a pre-existing system that required 
only minor adaptations to assume its new function. What 
could have been the design and primordial function of 
this putative ancestral system of quality control? Before 
considering this question, a brief outline of the current 
quality control strategies for VDJ-based antigen recep-
tors is required.
The quality control process for antigen receptors 
occurs in several steps and takes place in dedicated tis-
sues (such as the bone marrow and thymus). In an initial 
selection step, receptors and their intracellular signaling 
systems are checked for general functionality. Subse-
quently, lymphocytes are subjected to negative selec-
tion to eliminate self-reactive receptors. The process of 
inducing recessive tolerance through clonal deletion is 
multifaceted but, in essence, involves exposing devel-
oping lymphocytes, such as T cells, to as many self-
structures as possible (Jankovic et al., 2004; Kyewski 
and Derbinski, 2004) (Figure 3). Mechanisms of domi-
nant tolerance are also used to functionally incapaci-
tate autoreactive clones (Schwartz, 2005), although this 
process is likely more recent evolutionarily.
MHC molecules are expressed on virtually all cells 
and facilitate a nearly real-time assessment of intracel-
lular protein composition for T lymphocytes. Peptides 
derived from intracellular degradation processes are 
constantly loaded onto MHC molecules and delivered to 
the cell surface (Rammensee et al., 1997). Peptide pres-
entation by MHC molecules depends on a multicompo-
nent genetic system, including a complex protein deg-
radation machinery, peptide transporters, chaperones Cell 125, June 2, 2006 ©2006 Elsevier Inc. 853
for peptide loading, and the MHC molecules themselves 
(Trombetta and Mellman, 2005). Intercellular discrimina-
tion during immune surveillance requires that the infor-
mation about the protein composition of a cell is linked to 
its surface such that an immune response can be local-
ized. In this way, TCRs expressed on T cells can recog-
nize unhealthy cells (such as cells infected by viruses or 
genetically altered tumor cells) on the basis of abnormal 
peptide signatures. The mechanism of quality control 
that ensures self-compatibility during the development 
of the T cell repertoire is based on the interaction of 
TCRs with self-peptide/MHC complexes. An exhaustive 
array of self-peptides is presented to developing T cells 
in the thymus, taking advantage of “promiscuous” gene 
expression, whose molecular details are just beginning 
to be elucidated (Kyewski and Derbinski, 2004).
However, there is more information in MHC complexes 
than is used by the cellular immune system. Nucleotide 
sequence polymorphisms of MHC genes, which are 
among the most polymorphic loci known, create distinct 
MHC molecules with unique peptide binding proper-
ties (Falk et al., 1991). Notwithstanding a certain degree 
of degeneracy in the relationship between MHC and 
peptide binding, the structural evaluation of peptides 
liberated from peptide/MHC complexes yields informa-
tion about the structure of presenting MHC molecules. 
Because the structure of MHC molecules reflects the 
nucleotide sequence of part of the genome, peptide 
analysis could be used to evaluate genetic relatedness. 
Indeed, MHC peptides form part of the individuality 
signals that result in the selective failure of pregnancy 
in mice (Leinders-Zufall et al., 2004) and mate-choice 
decisions of fish (Milinski et al., 2005). Sensory neurons 854 Cell 125, June 2, 2006 ©2006 Elsevier Inc.of the accessory olfactory system in the mouse vomero-
nasal organ are activated by prototypical MHC peptide 
ligands in a sequence-specific manner, and structurally 
distinct peptides generate unique activation patterns 
(Leinders-Zufall et al., 2004). Therefore, components 
of an essential part of the immune surveillance system 
(in this case peptide ligands derived from peptide/MHC 
complexes) are also employed in guiding sexual selec-
tion and social recognition processes (Leinders-Zufall et 
al., 2004; Milinski et al., 2005). Although it is possible 
that the function of MHC peptide ligands in olfactory 
assessment of genetic relatedness developed after the 
emergence of the MHC, this finding may also provide 
a clue as to the evolutionary origin of the MHC-based 
system of quality control for T cells.
Self/Nonself Discrimination Turned Quality Control?
Given the dual role of the peptide ligands of MHC mol-
ecules in immune surveillance and in mate choice, it 
seems possible that a self/nonself discrimination sys-
tem based on polymorphic peptide carriers provided 
the starting point for the evolution of the peptide/MHC 
presentation system. Although presumably it was origi-
nally employed for sexual selection and with olfaction 
as the likely recognition modality, it may gradually have 
become integrated into the emerging adaptive immune 
system. If this view is correct, then an ancestral system 
for self/nonself discrimination operating at the level of 
an individual may have evolved into a key component of 
quality control operating at the level of individual cells. 
This hypothesis might explain why the evolution of a 
novel receptor type with inherent self-reactivity did not 
lead to immediate extinction of early vertebrates despite 
its destructive potential.Figure 5. Peptide Carriers in Self/Nonself Discrimination
(Left) Each polymorphic peptide carrier shuttles only a subfraction of a common pool of intracellular peptides to the extracellular space for structural 
evaluation of genetic relatedness, for instance, via olfactory recognition by sensory neurons. Peptide mixtures reflect the binding characteristics of 
the carrier that differ between individuals. Polymorphic peptide carriers with pre-existing roles in self/nonself discrimination operating at the level 
of individuals may have evolved into a mechanism of quality control in the adaptive immune system. (Right) Membrane tethering of a polymorphic 
peptide carrier, such as MHC molecules, allows intercellular discrimination that is exploited for immune surveillance. During development of ef-
fector cells, these carrier/peptide complexes are used to purge receptor specificities of self-reactivity (Figure 3); the same type of carrier/peptide 
complexes inform mature effector cells of changes in intracellular protein composition, for instance, due to viral infection.
Is there any evidence that such a self/nonself rec-
ognition system existed before the appearance of VDJ 
recombination? As protein-degradation pathways are 
a fundamental feature even of unicellular organisms, 
peptides could have become a source of sensory (i.e., 
olfactory) evaluation much earlier than the emergence 
of present-day MHC-dependent peptide presentation 
systems. For this purpose, peptides need to be shut-
tled from intracellular compartments to the extracel-
lular space via dedicated peptide carriers (Figure 5). 
Specialized receptors that structurally evaluate pep-
tides have evolved multiple times, as in the pherom-
one/pheromone receptor-based mating systems in 
fungi and plants, described above. In fungal and plant 
mating systems, structural polymorphisms of both lig-
and and receptor are directly encoded in the genome. 
In a peptide carrier-based system, only the receptor is 
directly encoded in the genome, whereas the ligands 
arise as a consequence of intracellular protein deg-
radation. Because each carrier has distinct structural 
requirements for peptide binding, only a subset of intra-
cellular peptides can serve as ligands in each case. In 
turn, however, this also ensures that the peptide lig-
ands share certain structural similarities that reflect the 
structure of carrier molecules. A further difference to 
plant and fungal systems, at least in the modern MHC-
based system, is that olfactory recognition encom-
passes peptide ligands of both self and nonself MHC 
molecules (Leinders-Zufall et al., 2004).
Given these considerations, is it possible to predict 
the basic characteristics of such an ancestral peptide-
carrier protein? The functional requirements would be 
very similar to those of the MHC, although similarities at 
the amino acid sequence level may be difficult to detect. 
Clearly, to allow for interindividual discrimination, carriers 
must be polymorphic. Therefore, one would predict that 
the carrier protein was encoded by a multi-allelic locus. 
To ensure transfer of sufficient material to the extracel-
lular space, the binding of intracellular peptides likely 
occurred through a relatively promiscuous mechanism. 
If binding was too selective, too few peptides would 
be ligands for the carrier and thus the concentration of 
these peptides in extracellular fluids (and bodily secre-
tions, such as urine, sweat, and saliva) might have been 
insufficient. Binding selectivity may have been linked 
to the evolutionarily conserved cleavage specificity of 
the proteasome, which prefers a hydrophobic residue 
amino-terminal to the cleavage site. Interestingly, adap-
tation to the specificity of the proteasome has also been 
suggested previously for the MHC presentation system 
(Niedermann et al., 1997). Transport of cytosolic pep-
tides into the endoplasmic reticulum could have been 
mediated by members of the evolutionarily ancient class 
of ABC transporters, which also includes the TAP (trans-
porter associated with antigen processing) proteins 
required for MHC class I presentation (Hughes, 1994). 
The major conceptual difference between the modern 
MHC/peptide presentation system and the putative ancestral peptide carrier system is that in the latter, car-
rier/peptide complexes would not be tethered to the cell 
surface. This is because the structural information con-
tained in the peptide ligands was initially needed only 
in the extracellular space for subsequent interindividual 
comparisons.
The above hypothesis proposes an indirect mecha-
nism for the evaluation of genetic individuality during 
sexual selection and predicts the existence of evolu-
tionarily ancient polymorphic carrier proteins capable 
of binding to peptides with some sequence specificity. 
In principle, any secreted molecule exhibiting a certain 
degree of structural polymorphism among individuals 
could serve as a peptide carrier for the assessment of 
genetic individuality. Possible candidates are several 
protein families with hypothetical but so far unproven 
functions in immune defense, such as variable chi-
tin binding proteins (VCBPs) identified in Amphioxus 
(Cannon et al., 2002, 2004b) and FREP proteins of 
snails (Zhang et al., 2004). Although the evolutionary 
relationship of such polymorphic secreted molecules 
to MHC molecules is uncertain, it is interesting to note 
that in terms of function, only minor genetic changes 
would be required to adapt the ancestral system of 
interindividual comparisons for intercellular require-
ments. Provision for some form of membrane tether-
ing of the complexes would have allowed for inter-
cellular comparison by the immune system (Figure 
5). This one-step model in which an ancient system 
of self/nonself discrimination is co-opted to create 
a system of quality control for the vertebrate adap-
tive immune response appears more plausible than 
hypotheses that instead invoke the gradual adaptation 
of functionally dispersed components. A corollary of 
this argument is that the α/β-type of T cell receptors 
with their dependence on MHC may be evolutionarily 
more ancient than antigen receptors functioning inde-
pendently of MHC, such as γ/δ-TCRs and B cell recep-
tors/immunoglobulins, and that the latter may depend 
on evolutionarily distinct quality control mechanisms 
for maintenance of self-tolerance.
Conclusion
It is likely in the evolution of higher vertebrates that an 
ancient mechanism of self/nonself discrimination was 
transformed into a system of quality control for a revo-
lutionary type of self/nonself discrimination based on 
somatically diversified receptors with unpredictable and 
essentially unlimited specificities. It follows from these 
considerations that invertebrate genomes should encode 
polymorphic peptide carrier proteins used in the evalua-
tion of genetic relatedness. Studies addressing this and 
similar questions promise to lead to the reconstruction 
of the evolutionary dynamics of systems of self/nonself 
discrimination and their interconnection (Carroll, 2004; 
Flajnik and Du Pasquier, 2004; Nasrallah, 2005). Their 
results may even lead to new approaches for immune 
intervention.Cell 125, June 2, 2006 ©2006 Elsevier Inc. 855
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